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Abstract – The mechanical properties of the A707L5 steel grade were studied as a function
of the applied aging temperature. The results obtained are discussed on the basis of the
microstructure analysis and precipitates were identified on the fracture surfaces observed
by scanning electron microscopy assisted by a field emission gun (FEG-SEM). This steel grade
appears to be particularly sensitive to the aging time-temperature, which significantly af-
fected the precipitation phenomena. The annealing temperature and solution quenching
involved in the thermal cycle significantly affect the perlite formation, the grain size and
the ε-Cu precipitates that represent the main factors of influence ruling the mechanical
properties.
T he present work is focused on acopper-nickel alloyed steel that ex-ploits a strengthening mechanism in-
volving precipitation like the HSLA [1–3]
steel currently available on the market, but
in this case the hardening eﬀect is not asso-
ciated with the formation of ceramic com-
pounds but with the precipitation of a cop-
per phase whose nucleation and growth
is controlled by an applied thermal treat-
ment and significantly aﬀected by the aging
modalities [4–6]. The studied steel is classi-
fied in the ASTM standard as A707L5 steel
grade (Tab. 1).
The selection of this steel is particularly
interesting for oil and gas applications; in-
deed, nickel addition allows improving the
corrosion resistance and decreases the brit-
tle transition temperature, improving the
toughness of the steel. The fine precipi-
tation of ε-Cu during an aging treatment
does not induce any detrimental eﬀects on
toughness but it can cause grain boundary
strengthening and a precipitation hardening
eﬀect [7–9].
The experimental trials performedaimed
at stating the optimal heat treatment param-
eters in order tomaximize the toughness and
Table 1. Chemical composition of A707L5 steel
alloyed by Ni and Cu measured by Optical
Emission Spectrometer (OES).
%C %Si %Mn %Cr %Ni %Cu %S
0.07 0.25 0.7 0.9 1.5 1.3 0.25
mechanical strength. The optimal combina-
tion for the operative parameters of the heat
treatment was defined in order to satisfy the
mechanical properties that are usually re-
quired for the application of this steel grade
and the mechanical properties obtained are
discussed on the basis of the microstructural
characteristics.
1 Experimental procedure
ASTM A707L5 (Tab. 1) is a steel grade usu-
ally used for producing forged products.
Diﬀerential scanning calorimetry (DSC)
was performed to define the transforma-
tion temperatures of the steel. The identi-
fication of the transformation temperature
was carried out by imposing a heating rate
of 0.35 ◦C/s from room temperature up to
1000 ◦C, followed by soaking at 1000 ◦C
for 1000 s and cooling at a thermal rate of
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Fig. 1. Results of Diﬀerential Scanning Calorimetry
(DSC) during the heating (a) and cooling steps (b).
A: austenite; F: ferrite; P: perlite.
Table 2. Phase transformation temperature identified by DSC inves-
tigation during the heating and cooling steps.
Heating step
Perlite-Austenite transformation start 697 ◦C
Perlite-Austenite transformation finish 808 ◦C
Ferrite-Austenite transformation start 815 ◦C
Ferrite-Austenite transformation finish 885 ◦C
Cooling step
Austenite-Ferrite transformation start 775 ◦C
Austenite-Perlite transformation finish 640 ◦C
–0.35 ◦C/s down to room temperature (Fig. 1,
Tab. 2).
The untreated material constituted two
forged round bars 4.5m in length and 0.25m
in diameter produced from a part of a cast
ingot 1 m in length and 0.75 m in diameter.
After the identification of the transformation
phase temperatures, the heat treatment cy-
cles were defined (Fig. 2, Tab. 3).
The 2T cycle represents reference con-
ditions obtained by normalization and ag-
ing, and these conditions were used for
the comparison with the mechanical per-
formances shown after the application of
the solution quenching and the aging treat-
Fig. 2. Comparison among the diﬀerent heat
treatment cycles.
ments. All the specimens used for the tensile
tests, the Charpy impact tests and the mi-
crostructural characterizationwere sampled
from 62.5 mm depth from the surface of the
forged bar. The mechanical characterization
was performed by micro-hardness Vickers
tests (using a 20 g load and 15 s dwell time)
and tensile tests (ASTM E8/E8M) in order
to measure the strength properties and steel
ductility as a function of the applied heat
treatments. The impact testswereperformed
on 3 specimens for each heat treatment and
test temperature: –60 ◦C, –75 ◦C, –90 ◦C and
–105 ◦C. The tensile and Charpy impact tests
were performed to optimize the aging tem-
peratures to fit the minimum acceptable val-
ues and the mechanical characteristics usu-
ally required by users for the application of
this steel grade (Tab. 4). The microstructural
characterization was performed by Optical
Microscopy (OM) to reveal the structural
constituents and the average grain size, that
was measured according to ASTM E112.
The ground and polished specimens
were etched with 5% HNO3 and 95%
ethanol solution for 5 s. The electronic mi-
croscopy observation was performed by a
field emission gun scanning electron micro-
scope (FEG-SEM) used to characterize the
nano-precipitates. The fracture surfaces in-
vestigatedwere obtained through the induc-
tion of intergranular fractures by an impact
applied after the immersion of the sample
in liquid nitrogen (–196 ◦C). The chemical
composition of the precipitates was identi-
fied by the energy dispersive spectroscopy
(EDS) probe installed in the FEG-SEM. For
each thermal treatment an overall surface
fracture of 250 μm2 was observed to char-
acterize the precipitates.
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Table 3. Heat treatment trials. The heat treatments were performed on a forged bar 250 mm in diameter.
Heat cycle Heating Solution Quenching Aging
2T Temperature: 930 ◦C Air cooling down to room temperature Temperature: 520 ◦C
Holding time: 0.8 min/mm Cooling speed: 0.1 ◦C/s Holding time: 5 min/mm
3T Temperature: 930 ◦C Water quenching down to room temperature Temperature: 560 ◦C
Holding time: 0.8 min/mm Cooling speed: 10 ◦C/s Holding time: 5 min/mm
4T Temperature: 930 ◦C Water quenching down to room temperature Temperature: 540 ◦C
Holding time: 0.8 min/mm Cooling speed: 10 ◦C/s Holding time: 5 min/mm
5T Temperature: 930 ◦C Water quenching down to room temperature Temperature: 520 ◦C
Holding time: 0.8 min/mm Cooling speed: 10 ◦C/s Holding time: 5 min/mm
Table 4. Minimummechanical properties usually required for the application of the A707L5 steel grade.
Yield strength Ultimate tensile Elongation at Section reduction Hardness Absorbed impact energy
[MPa] Strength [MPa] fracture point A [%] Z [%] [HV] at –100 ◦C [J]
>450 >535 >20 >35 170 ÷ 230 >60
Table 5. UTS, YS, %A, %Z and HVmeasured for the steel studied as a function of the applied heat
treatment (standard deviation in brackets).
2T 3T 4T 5T
UTS 620 MPa (10 MPa) 501 MPa (8 MPa) 529 MPa (5 MPa) 554 MPa (5 MPa)
YS 493 MPa (10 MPa) 408 MPa (13 MPa) 449 MPa (7 MPa) 457 MPa (4 MPa)
%A 27.1 (2) 32.8 (4) 31 (2) 31.9 (3)
%Z 70.3 (2) 79.4 (2) 79 (3) 78.8 (2)
HV 218 (10) 177 (8) 179 (7) 184 (8)
2 Results
The change inheat treatmentparameters sig-
nificantly aﬀects the mechanical properties
(Tab. 5). The increase in the annealing tem-
perature implies a decrease in yield strength
(YS), ultimate tensile strength (UTS) and
Vickers micro-hardness (HV). Moreover, all
the solution-quenched and aged specimens
show lower YS, UTS and HV than the nor-
malized specimen (2T). Only the specimens
associated with the conditions 2T and 5T
(the latter with the lowest aging temper-
ature) fit the strength requirement usually
imposed by users (Tab. 4). The ductility pa-
rameters, i.e. percentage elongation at the
fracture point (%A) and percentage area re-
duction at the fracture point (%Z), are com-
pliant with the required parameters for all
the applied thermal conditions. The Charpy
impact tests showed (Fig. 3) acceptable im-
pact energy values only for the solution-
quenched and aged samples (3T, 4T and 5T),
while a significant drop in the impact en-
ergy values are observed for the normalized
specimen (2T).
The microstructure, provided by the
chemical etching, is characterized by the
presence of round-shaped perlite and ferrite
grains and no other structural constituents
(such as martensite or bainite) are identified
(Fig. 4). The OM observations also indicate
that the grain size is finer in the solution-
quenched and aged samples and, quite easy
to assess, the lower the aging temperature
the finer the grain size.
The base forged steel had an ASTM G
index equal to 6.5 that increases up to 8.0
for the normalized sample (2T). The samples
that underwent the solution quenching and
aging treatment (Tab. 6) showaG index close
to 9, and the finest grain size corresponds to
the 5T conditions, that have the lowest aging
temperature. Moreover, the volume fraction
of the perlite grains decreases significantly
as the solution quenching is applied and
the aging temperature is lowered (Tab. 6).
As expected, the grain refinement promoted
by the low temperature aging induces me-
chanical properties improvement, in partic-
ular strength and toughness. Although the
elongation (A%) should be reduced by grain
refinement, in this case the slight increase in
A% shown by the 5T sample seems more re-
lated to the perlite volume fraction decreas-
ing than grain refinement. Thus, the lowest
temperature aging seems to improve both
the strength and toughness, thanks to grain
406-page 3
C. Mapelli et al.: Metall. Res. Technol. 112, 406 (2015)
Fig. 3. Absorbed impact energy at diﬀerent test temperatures as a function of the applied thermal
cycle.
Fig. 4.Microstructure observed in the samples as a functionof the diﬀerent appliedheat treatments.
refinement, and also ductility, due to the de-
crease in the perlite fraction.
The decrease in perlite that manifested
after low temperature aging is associated
with the lower carbondiﬀusivity at this ther-
mal level. Actually, the decrease in the ag-
ing temperature enhances nucleation phe-
nomena, but also a slowdown of the kinetic
growth of perlite. In fact, the carbon during
perlite formation diﬀuses into perlite lamel-
lae, but if the system energy is not enough
to promote this diﬀusion, the perlite grains
remain small. This induces a decrease in the
overall perlite volume fraction.
The FEG-SEM allows identifying the
nano-precipitates. In sample 2T rod-like pre-
cipitates with an average size (length) up
to 450 nm are observed (Fig. 5a). Sample
3T shows a diﬀerent morphology and dis-
tribution size of the precipitates: the maxi-
mum size is about 150 nm (Fig. 5b); the pre-
cipitates ranging from 35 nm to 150 nm in
length represent 49% of the overall popula-
tion and are rod-like precipitates, whereas
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Table 6. Grain size and perlite volume fraction observed in the samples examined as a function of
the applied thermal treatment.
ASTM G-Index Average diameter (μm) Perlite volume fraction (%)
As-forged steel 6.5 37.5 10.3
2T 8.0 23.1 9.9
3T 9.0 16.2 5.1
4T 9.0 14.5 4.6
5T 9.5 13.2 4.5
Fig. 5. Example of coarse rod-like precipitates detected in the 2T sample (a); spherical precipitates
detected in the 3T sample (b) and small spherical precipitates detected in the 5T sample (c).
Table 7. Typical chemical composition of the
identified intermetallic precipitates by EDS
probe (% weight concentration).
%wt. Fe Ni Cu Mn
2T 9.4 1.2 79.2 10.2
3T 7.2 0.7 82.3 9.8
4T 8.3 0.3 81.5 9.9
5T 8.2 0.1 83.2 8.5
51% of the round-shaped precipitates are in
the range of 20-35 nm (diameter). The 4T
sample has 38%of rod-like precipitates rang-
ing from 35 nm to 150 nm, whereas the re-
maining fraction (62%) is round precipitates
smaller than 35 nm. Finally, the 5T sample
has 27% of rod-like precipitates with a size
ranging between 30 nm and 130 nm and the
other precipitates (73%) have a round mor-
phology smaller than 35 nm (Fig. 5c). The
analysis performed by FEG-SEM did not al-
low identifying the crystallographic features
of the precipitates observed, but the chem-
ical composition allows recognizing these
precipitates as copper compounds (Tab. 7).
The measured average chemical composi-
tion and the observed morphology are the
same ones identified by Zhang et al. [7–10]
as ε-Cu precipitates.
3 Discussion
The 2T (normalized and aged) samples show
the highest UTS, YS and HV values and
high ductility properties associated with
poor toughness performances. The highest
strength performances are due to the high-
est volume fraction of the formed perlite, if
compared with the solution-quenched and
aged samples, while the most significant
ductility properties are associated with the
largest grain size among the observed mi-
crostructures. On the other hand, the large
grains are also responsible for the low im-
pact energy absorbed during the Charpy
tests. The solution-quenched and aged spec-
imens have a lower volume fraction of per-
lite, but the refining of the grain size induces
an increase in the strength properties, caus-
ing grain boundary strengthening. Such an
eﬀect becomes particularly evident as the
tempering temperature is lowered, and ac-
tually it reaches a maximum eﬀect for the 5T
samples. The grain size refinement is associ-
ated with the precipitation of the ε-Cu pre-
cipitates, because copper does not form any
intermetallic compound with iron [11, 12].
The grain size in the presence of some pin-








where dmax is the limiting grain size, rprec is
the radius of the pinning precipitates and
fprec is the volume fraction of the precipitates.
The ε-Cu precipitates have a finer size in 4T
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and 5T samples than in 2T and 3T samples.
The pinning eﬀect promoted by the small-
est ε-Cu precipitates is consistent with the
conditions imposed by Equation (1), since
the finer the precipitates the more eﬀective
the pinning eﬀect is on grain growth. The 2T
specimens have coarse ε-Cuprecipitatesdue
to the high temperature permanence (pro-
vided by the normalization) that promotes
the precipitate growth at the expense of the
nucleation stage. On the contrary, the solu-
tion quenching followed by the aging treat-
ment promotes a fine andwell-dispersed nu-
cleation of the precipitates at the expense of
the precipitate growth. The finest precipita-
tion and the consequent optimal combina-
tion ofmechanical performances (in terms of
strength and toughness) were observed for
the solution-quenching and aging treatment
performed at 520 ◦C (5T conditions).
The measurements of the chemical com-
position featuring the precipitates suggest
that the diﬀusion of Cu and Fe is favored (if
comparedwith Ni andMndiﬀusion) during
the aging treatment performed at the lowest
temperatures and this implies a dilution of
MnandNi content in the spherical and small
precipitates observed in specimens treated
by the 5T cycle. Actually, the diﬀusion co-
eﬃcient of Cu in α-Fe is 30% higher than
that of Ni (DCu−α−Fe = 3.52 × 10−20 m2/s;
DNi−α−Fe = 2.70 × 10−20 m2/s at 520 ◦C) [14].
The finer the pinning precipitates, the
lower the final grain size. Hornbogen
et al. [15] and Zhang et al. [10] studied the
precipitation of Cu-rich phases in α-Fe and
they found that ε-Cu precipitates at the nu-
cleation stage consist of bcc (body-centered
cubic) elementary cells that are converted
into a fcc (face-centered cubic) phase con-
stituting spherical particles larger than 30–
35 nm. The application of the highest ag-
ing temperature induces a coarsening of the
precipitates and a decrease in the thermo-
dynamic driving force for the precipitation
(that decreases fprec), and so a high aging
thermal level causes a consequent increase in
the grain size. The observed growth mecha-
nism of the copper precipitates shows a tran-
sition of the n coeﬃcient of the JMAK rela-
tion (Eq. (2)):
XV = 1 − exp(ktn) (2)
whereXV is the precipitated fraction, k is the
reaction rate constant, t is the time and n is
the kinetic exponent. The transition of the
precipitates from a round-shaped growth to
rod-like shape implies a decrease in the n
coeﬃcient from a maximum of 3-4 down
to a minimum of 1–2, indicating a decrease
in the kinetic growth as the aging time in-
creases [16]. On the other hand, the shape
variation observed in the precipitates could
also depend on the k parameter and/or could
consequently modify it.
The dual eﬀect of grain size and pre-
cipitated particles on strengthening can be
analytically determined by applying the
well-known Hall-Petch and Ashby-Orowan
approaches [17–21]. To determine the incre-
ment in yield strength associated with grain
refinement, the ky coeﬃcient of the Hall-
Petch equation was determined by applying
the relation formulated by Takeda et al. [22]
for low-carbon steel, whereas the precipitate
influence was taken into account by apply-
ing the coeﬃcient proposed by Gladman for
steel and iron alloys to the Ashby-Orowan
equation [23, 24]. The Gladman approach
was chosen because it provides better re-
sults, as demonstrated by Carsì et al. [25].
The calculation indicates that in the case of
the 2T sample, the contribution of precip-
itates accounts for nearly 50% of the total
yield increment, whereas for the solution-
quenched and aged samples, the predom-
inance of grain refinement was detected,
ranging from 65% (3T sample) to 80% (5T
sample). The results obtained for solution-
quenched samples are consistent with the
literature, since it was estimated by Irvine
et al. that for a low-carbon steel, the grain
size eﬀect on tensile properties accounts for
over 50% [26, 27].
4 Conclusions
On the basis of the experimental trials and
observations, the following conclusions can
be made:
– the steel does not assume a martensite
structure even after the application of a
quenching treatment;
– the applied quenching covers the role of
a solution quenching treatment;
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– the optimal combination between the
yield stress and toughness can be
achieved by the control of the grain size:
the lower the grain size, the higher the
yield stress and the toughness;
– the absorbed impact energy and the
toughness increase as the volume frac-
tion of the perlite grain decreases;
– the solution quenching treatment limits
the perlite volume fraction;
– the increase in the yield stress is ruled
by the ε-Cu, whose shape and size are
controlled by the cooling rate and aging
temperature;
– the quenching solution treatment is
needed to avoid the precipitation of
coarsened intermetallic precipitates;
– the aging time has to be performed at the
lowest possible thermal level (i.e. 520 ◦C)
in order to ensure a high volume frac-
tion of fine precipitates, with fine size
(<35 nm) and round shapes;
– an excessive temperature of the aging
treatment induces the change in the
growth mechanism and the n coeﬃcient
of the JMAK model changes from 3–4
down to 1–2, that is associated with the
formation of coarse rod-like precipitates,
causing a decrease in the strength and
toughness due to an increase in the grain
size.
Finally, the 5T sample reached the best
compromise between tensile properties and
toughness, satisfying all the minimum re-
quirements for A707-L5 application.
Since not only the temperature aﬀects
precipitation, grain growth and other met-
allurgical processes, the eﬀect of the aging
time should be investigated, in order to de-
fine the best operative conditions for indus-
trial application.
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